It is conventionally assumed that the growth of monodisperse colloidal nanocrystals requires a temporally discrete nucleation followed by monomer attachment onto the existing nuclei. However, recent studies have reported violations of this classical growth model, and have suggested that inter-particle interactions are also involved during the growth. Mechanisms of nanocrystal growth still remain controversial.
The growth of colloidal nanocrystals has advanced remarkably in the last decade.
Today it is possible to make colloidal nanocrystals of a wide range of solids, ranging from metals to semiconductors and insulators, with narrow size distributions (variation in diameter less than 5%) and high crystallinity (1) (2) (3) (4) (5) . Further, it is also possible to control their shapes, from spheres to disks or rods, as well as their topology (solid, hollow, nested) and their connectivity and branching patterns (6) (7) (8) (9) (10) (11) . These advances in nanocrystal synthesis have enabled the creation of a new generation of nanomaterials which can be made as inexpensively as polymers, and which could be applied to as many technologies in the future as plastics are today. The current state of nanocrystal synthesis has been largely achieved empirically, with some classical models (12) (13) (14) for particle growth serving as guides. In this paper we demonstrate that it is possible to directly observe the growth trajectories of individual colloidal nanocrystals in solution using a newly designed liquid cell that operates inside a transmission electron microscope (TEM), and that these trajectories reveal a diverse set of pathways more complex than those envisioned previously.
To appreciate the potential value of single particle growth trajectories, consider the simplest case of a narrow size distribution of nearly spherical colloidal nanoparticles.
A model based on kinetics that can account for this size distribution was first proposed by LaMer and Dinegar (12) and subsequently improved by Reiss (13) . An abrupt increase in monomer concentration induces a burst of nucleation events, followed by a period of rapid growth. The initial broad size distribution due to a spread in nucleation time or due to other variations such as mixing can be corrected with "size distribution focusing", in which small crystals "catch up" with larger ones because at relatively high monomer concentration the growth rate of nanocrystals decreases as the size increases (1).
Inhibition of particle aggregation is typically achieved by using surfactant ligands that stabilize the particle surface and provide a barrier to coalescence. The thinking underlying this approach has guided many syntheses (1, 2, 4) . A second scenario for nanocrystal control employs an equilibrium approach. One devises a system where the binding of surfactant to the nanoparticle surface is nearly as strong as the bonds within the crystal, strong enough then to thermodynamically drive the system toward a particular average size for a given concentration of surfactant and monomeric species (15) (16) (17) .
These two clearly distinct models consider only the possibility of particle growth through the addition of monomeric species. However, there is substantial evidence that particle coalescence or even oriented attachment can also play a role in nanocrystal growth (18) (19) (20) (21) (22) (23) . The lack of consensus on the controlling mechanisms is mainly due to the lack of direct evidence for nanocrystal growth in solution. In situ observation of the dynamic growth process is expected to advance our understanding of nanocrystal growth mechanisms significantly.
In order to observe colloidal nanocrystal growth, one needs a technique that can image through liquids during the chemical reaction with nanometer resolution and in real time. Recently, Ross et al. have developed a liquid cell reactor that can be placed in a special TEM sample holder, which was used to image the dynamic growth of Cu clusters on a surface during electrochemical plating using a TEM with a resolution of 5 nm (24) (also see other related techniques (25, 26) ). Here, we employ this TEM capability in a newly designed self-contained liquid cell with an improved resolution in the subnanometer range (see the details on the liquid cells in SOM). These disposable liquid cells have been used to image platinum nanocrystal growth in solution in situ using a JEOL3010 microscope operated at 300 kV. Since the cells fit into a standard TEM sample holder, CM300 and CM200 TEMs equipped with an x-ray detector were also used for high resolution TEM imaging and elemental analysis ex situ on the same cell. A stock solution for synthesis was prepared by dissolving Pt(acetylacetonate) 2 (10 mg/mL) in a mixture of o-dichlorobenzene and oleylamine (9:1 in volume ratio). About 100 nanoliters of the growth solution was loaded into the reservoir of a liquid cell and the solution was drawn into the cell by capillary force. Subsequently, the cell was sealed and loaded into the microscope. Within the electron transparent window, the reaction solution of about 200 nm in thickness was confined between two silicon nitride membranes (25 nm each).
A key feature of the present experiment is the ability to use the electron beam to induce the nucleation of the Pt nanocrystals. When the electron beam is focused to a current density of 2-14x10 4 A/m 2 , the growth of Pt nanocrystals in solution is initiated (27) . A constant beam intensity is maintained during the growth. However, the intensity does vary briefly in the initial exposure to the electron beam during the time period required to focus for imaging (a few seconds). Some nanoparticles nucleate during this period. Subsequently, under constant illumination, there is a new round of nucleation followed by the growth. It is remarkable that high quality platinum nanocrystals are formed. Fig. 1A shows platinum nanocrystals obtained inside a liquid cell by exposure of the growth solution to the electron beam for about 5 min. Nearly monodisperse nanoparticles with an average diameter of 3.5 nm (± 0.3 nm) are obtained ( Fig. 1A inset) .
The nanoparticles are mostly single crystalline with a face centered cubic structure (see In situ observation of the Pt nanoparticle growth provides details of the growth kinetics. Fig. 2 shows a sequence of video images recorded at 0 s, 12.07 s, 24.23 s and 77.00 s of exposure to electron beam radiation (also see Mov. S1). From the initial growth solution of Pt 2+ precursor, a large number of Pt nanocrystals emerge and new particles continue to appear, spanning an interval of more than 10 seconds. Particle growth and nucleation occur in parallel (see particles highlighted by arrows in Fig. 2A indicating examples of growth). Interestingly, along with the conventional particle growth by monomer addition from solution, frequent coalescence events between the particles are observed. At the early stage of the growth, the number of particles gradually increases and reaches a maximum at 21 seconds. Subsequently, the number of particles drops significantly and eventually settles at a constant value. Although some smaller particles are seen to dissolve completely, the decrease in the number of particles is mainly due to the coalescence events between individual particles (see the number of coalescence events as a function of time in Fig. 2B ).
Particles that are of similar initial size but evolve along different pathways, through simple growth (e.g. monomer addition) or coalescence, are closely examined. Fig. 3A shows a sequence of video frames of two such particles, which were taken from the same field of view (also see Fig. S2 ). Similar final particle sizes are observed although the two particles arose through distinctly different paths. The particle formed by simple growth shows a continuous increase of size and maintains nearly spherical shape.
In addition, mostly uniform diffraction contrast within the particle is observed indicating single crystalline characteristics throughout the growth. However, the coalesced particle shows both shape changes and different diffraction contrast indicating polycrystalline characteristics within the particle after the coalescence event. Eventually (about 16 s after the coalescence event) it forms a single crystalline particle with nearly spherical shape. This is characteristic of punctuated growth, where the combined particles due to coalescence events eventually, after a pause in growth (relaxation), catch up with particles that are formed by simple growth.
We have also analyzed the effects of coalescence and punctuated growth on the particle size distribution. Until now, most nanocrystal growth models predict focusing of s, we observe a bimodal distribution, which is mainly due to a large number of coalescence events. These early-stage size distributions behave exactly as expected, but at a later stage, the initially broad distribution spontaneously narrows.
In order to understand this unexpected size-focusing behavior, we have examined the growth trajectories of each individual nanoparticle. Fig. 4B shows particle size as a function of growth time for a few selected particles as examples (particles are highlighted by arrows in Fig. 2A ), in which an effective size of € d = 2 ⋅ A / π was used, where A is the two-dimensional area of the particle in the video images. A particle evolving by simple growth shows a continuous increase of size until it reaches a saturation stage (particle 1).
However, particles resulting from coalescence events (particles 2, 3, 4 and 5) show a jump of particle size after each coalescence event. A smaller particle can "catch up" to the size of a bigger particle by multiple coalescence events. The fact that multiple coalescence events are more commonly observed among the small particles is attributed to their higher energy due to a larger surface to volume ratio and an increased collision frequency resulting from a greater mobility. Such growth kinetics of individual nanoparticles deviates from the behavior of ensemble, shown in Fig. 4C , which reflects the average particle size within an area of 50 nm x 60 nm as a function of time.
Interestingly, in spite of the diverse trajectories of growth, the growth kinetics of ensemble can be described by a diffusion controlled Ostwald ripening process (the size of the particles (d) is proportional to growth time (t), € d 3~t ) followed by saturation ( Fig.   4C ), which resembles the trend predicted by classical growth models (2) . In perhaps the most remarkable and unexpected observation associated with these experiments, we find that there is a period of time after a coalescence event, during which the coalesced particles cease to grow. After the relaxation, the particle resumes growth through monomer addition. The combined effects of monomer addition, coalescence and punctuated growth, all contribute to the focusing of the size distribution.
It is interesting to consider the origin of the pause in growth just after a coalescence event. During coalescence the combined particle has higher internal energy and chemical potential because of the appearance of grain boundaries and higher surface energy determined by its shape compared with a spherical particle of the same size. Such higher energy particles may lose monomers (dissolve) in the solution and/or change shape. Similar effects have been observed in the growth of Ge islands from a vapor phase (28) . In our case, the combined nanoparticle changes shape forming a spherical particle.
During the relaxation, along with the recrystallization a slight decrease of particle size has been observed in some cases (e.g. Fig. 4B ). We further found that the relaxation time (τ, highlighted in Fig. 4B inset) increases with the particle size (d) following a power law relationship, € τ~d 3.3 (Fig. 4D) However, this is only a rough estimation, additional factors such as variations in the nature of coalescence (oriented or random attachment), details of size and shape of the coalesced particle need to be considered for more accurate evaluation (29) .
Additionally, we found that oleylamine surfactants play a significant role in particle size focusing. In nanocrystal synthesis, it is considered that particles stop growth when the system achieves an equilibrium state that the monomer in solution is balanced with the solubility of the nanocrystals. Such an equilibrium state is modified by surfactants, for example, surfactants with a close-packed configuration on a particle surface can effectively stop the particle growth at a certain size (15) . In order to examine the surfactant effects, we decreased the amount of oleylamine in the growth solution (0-3%) for comparison. The fact that platinum crystal foils and dendrites are observed in those cases (Fig. S3 ) confirms that the surfactants play a critical role in the growth of monodisperse platinum nanocrystals.
In summary, we have observed the dynamic growth of colloidal platinum nanocrystals in solution with sub-nanometer resolution using a TEM. The evolution of monodisperse platinum nanocrystals involves complex growth trajectories and significant coalescence events, features that have not been considered in the classical models for nanocrystal growth. Considering coalescence as an alternative to simple growth by attachment of monomeric species, we expect that growth by particle attachment may also play an important role in the synthesis of nanocrystals with more complex shapes. More generally, we have shown that in situ TEM enables visualization of single nanoparticles in solution with sub-nanometer resolution and offers great potential for addressing many fundamental issues in materials science, chemistry and other fields of science. (30))) 
I. Materials and Methods
All chemicals including Pt(acetylacetonate) 2 (99%, Aldrich), o-dichlorobenzene (99%, Aldrich) and oleylamine (70%, Aldrich) were used as received.
Liquid cell fabrication and growth solution loading for TEM A schematic of the liquid cell design is shown in Fig. S1 . Cells were fabricated using ultra thin silicon wafers (100 µm, 4-inches, p-doped) purchased from Virginia Semiconductor (Fredericksburg, VA). The fabrication process includes vapor growth of low stress silicon nitride membranes on the silicon wafers (25 nm in thickness) followed by lithographic patterning, etching and bonding. The bottom and top pieces of the liquid cell were bonded together at 120 °C for 1h using a thin layer of indium. The indium layer was deposited on the bottom piece by following the process of lithographic patterning, indium deposition by sputtering, and lift-off. Indium acts as a spacer as well as the sealing material for the liquid cell. 200 nm indium spacing was used for the current experiments, although different thickness can be achieved. All the fabrication processes were conducted at the Microfabrication Lab of the University of California at Berkeley.
About 100 nL of liquid is loaded into the cell. The liquid loading is facilitated by a syringe and Teflon nanotube (purchased from Cole-Parmer, VH, IL) to control the liquid droplet size and a micromanipulator to precisely direct the droplets in the liquid reservoir without contaminating the electron transmission window.
Initiation of the growth of platinum nanocrystals
The growth of Pt nanocrystals in solution is initiated by focusing of the electron beam to a current density of 2-14 × 10 4 A/m 2 on the precursor solution. The reduction of Pt(acetylacetonate) 2 precursor (Pt 2+ ) to platinum metal (Pt 0 ) can be from either I) oleylamine-assisted metal ion reduction at an elevated temperature (scheme I), or II) reduction by the solvated free-electrons from inelastic scattering of the incident electron beam (scheme II) (1) (2) (3) (4) (5) .
Since our experiments show that formation of platinum nanocrystals in flasks occurs only above 180 °C using the same growth solution but the local temperature rise in a liquid cell due to electron beam heating should be less than a few degrees (6), the reduction of platinum ions is probably mainly by the solvated electrons (scheme II). 
